Multisubunit tethering complexes of the CATCHR (complexes associated with tethering containing helical rods) family are proposed to mediate the initial contact between an intracellular trafficking vesicle and its membrane target. To begin elucidating the molecular architecture of one well-studied example, the conserved oligomeric Golgi (COG) complex, we reconstituted its essential subunits (Cog1, Cog2, Cog3 and Cog4) and used single-particle electron microscopy to reveal a y-shaped structure with three flexible, highly extended legs. Labeling experiments established that the N termini of all four subunits interact along the proximal segment of one leg, whereas three of the four C termini are located at the tips of the legs. Our results suggest that the central region of the Cog1-Cog2-Cog3-Cog4 complex, as well as the distal regions of at least two legs, all participate in interactions with other components of the intracellular trafficking machinery.
The intracellular sorting via vesicular transport of proteins and other molecules requires at least four discrete operations: vesicle budding, tethering, docking and fusion. Of these, vesicle tethering is perhaps the least well understood. Protein factors thought to mediate tethering include eight multisubunit tethering complexes (MTCs), which function in various transport pathways and differ in molecular weight (250-800 kDa) and number of subunits (3-10) 1-4 . The conserved oligomeric Golgi (COG) complex is an MTC that comprises eight subunits (Cog1-8) and has a combined molecular weight of 590-750 kDa, depending on species 5 . The COG complex was first isolated from bovine brain on the basis of its ability to stimulate Golgi transport in vitro 6, 7 . It was identified independently in the yeast Saccharomyces cerevisiae 8 and was found to include proteins (Cog2 and Cog3, also known as Sec35 and Sec34, respectively) already recognized as essential for vesicle trafficking in the early secretory pathway [9] [10] [11] . The discovery of interactions between the COG subunits and other Golgi trafficking proteins, including Rab GTPases 9,10,12-14 , SNAREs 9, 10, 12, 13, 15, 16 and COPI coat components 12, 13 , led to the hypothesis that the COG complex acts primarily in retrograde transport to and within the Golgi apparatus, helping to maintain the proper cisternal distribution of Golgi enzymes. Consistent with this idea, depleting Cog3 in HeLa cells blocked retrograde traffic, but not anterograde traffic, within the Golgi apparatus 17 .
In yeast, three of the eight COG complex subunits (Cog2, Cog3 and Cog4) are encoded by essential genes 11, 18 , whereas a deficiency in Cog1 gives rise to severe growth defects 8, 19 . By contrast, null mutations in the genes encoding the remaining four subunits (Cog5, Cog6, Cog7 and Cog8) result in much milder defects 8 . Thus, it is possible to categorize the COG subunits into two classes, one containing essential (or 'nearly essential') subunits (Cog1, Cog2, Cog3 and Cog4), the other containing nonessential subunits (Cog5, Cog6, Cog7 and Cog8). Yeast two-hybrid and biochemical approaches have been used to map subunit connectivity within the mammalian and yeast COG complexes 20, 21 . Notably, the essential subunits form a discrete sub-network within both the mammalian and yeast maps. Thus, it appears that Cog1, Cog2, Cog3 and Cog4 may constitute a functional unit, acting in an essential process for which the remaining subunits are not required.
The absence of structural information has been a major impediment in formulating specific models for MTC function. Of the eight known MTCs, four (the COG, Dsl1, exocyst and GARP complexes) are members of the CATCHR family [1] [2] [3] [4] . A model of the Dsl1 complex, based on overlapping crystal structures, was recently reported 22, 23 . Two of the three subunits of this complex show homology to partial structures of Cog2 (ref. 24) and Cog4 (ref. 25) and also to four of the eight subunits composing the exocyst complex [26] [27] [28] . It remains unclear, however, whether the CATCHR complexes adopt similar quaternary structures, particularly in light of their significantly different subunit composition. To begin to investigate this question, we have reconstituted a core COG complex consisting of the four essential S. cerevisiae subunits and have characterized its overall structure and subunit organization by negative stain EM and image analysis.
RESULTS

Cog1, Cog2, Cog3 and Cog4 support wild-type growth in yeast
As noted above, deleting individual yeast COG genes produces widely varying growth phenotypes, ranging from wild-type growth (Δcog5, Δcog6, Δcog7 or Δcog8) to severe growth defects (Δcog1) or lethality (Δcog2, Δcog3 or Δcog4). Given these results, we sought to determine whether the Cog1, Cog2, Cog3 and Cog4 subunits, acting together, could provide wild-type COG function. Haploid strains carrying KanMX cassettes in place of the COG5, COG6, COG7 or COG8 genes were obtained from the Saccharomyces Genome Deletion Project.
A r t i c l e s
In each of these strains, we replaced the KanMX cassette with a unique marker (see Online Methods for details). After several rounds of mating and sporulation, we generated a haploid strain lacking all four genes (Δcog5 Δcog6 Δcog7 Δcog8), as confirmed by Southern blotting (Supplementary Fig. 1) . Strikingly, the quadruple knockout strain showed no growth defect, relative to the wild-type parent strain, at 23 °C, 30 °C or 37 °C (Fig. 1a) . A modest defect in retrograde trafficking was observed at 23 °C and 30 °C, but not at 37 °C, as judged by elevated secretion of the ER-localized protein Kar2 (Fig. 1b) . Single and double COG subunit knockouts were, in all cases, similar to wild type (data not shown). Overall, the results show that Cog1, Cog2, Cog3 and Cog4 are collectively capable of providing essential COG complex function, and we therefore refer to the combination of these four COG subunits as the 'core complex' .
Reconstitution and EM analysis of the Cog1-4 core complex
We initially attempted to purify each of the essential (or, in the case of Cog1, nearly essential) yeast COG subunits in Escherichia coli. Of the four proteins, only Cog2 was monodisperse and soluble, as observed previously 9, 24 . Cog1 could be overexpressed and purified, but low yields and poor solubility suggested that it might not be properly folded. Cog3 and Cog4 were mostly insoluble, and only very small quantities could be recovered from E. coli lysates. Because previous studies showed that Cog2 interacts with Cog1, Cog3 and Cog4 (ref. 20) , pairs of subunits, each including Cog2, were coexpressed. All three of these binary complexes (Cog2-Cog1, Cog2-Cog3 and Cog2-Cog4) could be successfully purified. In each case, the solubility of the second subunit (Cog1, Cog3 or Cog4) was improved by the presence of Cog2. Extending this concept, we used the pQLink multiple-insert plasmid system 29 to coexpress larger sets of subunits. Two of the resulting complexes, Cog2-Cog3-Cog4 (denoted Cog2-4) and Cog1-Cog2-Cog3-Cog4 (denoted Cog1-4), were much more soluble than any of the binary complexes. In each complex, Cog2 carried an N-terminal heptahistidine (His 7 ) tag. The purified Cog2-4 and Cog1-4 complexes were monodisperse as judged by gel filtration (Fig. 2a) . Notably, Cog2-4 and Cog1-4 eluted at similar volumes, but earlier than expected for globular proteins of the same molecular weights, suggesting that the hydrodynamic radii of the complexes are similar and relatively large.
To further investigate their structural characteristics, we prepared negatively stained specimens of the purified Cog1-4 and Cog2-4 complexes. EM images showed that the shape of both complexes resembles a 'y' with three flexible 'legs' (Fig. 2b) . We selected approximately 10,000 particles of each complex and classified them into 200 classes ( Fig. 3a and Supplementary Figs. 2 and 3) . The class averages for the Cog2-4 complex reveal two curved legs. Some averages also contain an additional, less well-defined leg. By contrast, class averages of the Cog1-4 complex are somewhat more uniform. Many Cog1-4 averages show three well-defined legs, designated A, B and C (Fig. 3b) , connected at a central junction; other averages appear incomplete, presumably because of poor staining or the 'averaging out' of flexible elements (Supplementary Fig. 3 ). In well-defined averages, each leg has a distinctive curvature and unique features that together allow its unambiguous identification. Especially notable is a kink at the distal end of leg C, followed by a further extension we designate a 'foot' . The foot structure is not observed in any of the Cog2-4 class averages, 
Organization of the subunits in the Cog1-4 complex
Having established the overall structure of the core Cog1-4 complex, we next used GFP labeling to investigate the organization of individual subunits within the complex. Each subunit was tagged with GFP at its N or C terminus and coexpressed with the remaining three subunits in order to reconstitute eight different Cog1-4 complexes, each carrying a single GFP tag. In the two complexes in which Cog2 was tagged with GFP, the His 7 tag used for purification was moved to the N terminus of Cog1. The eight GFP-tagged complexes could be purified by means of the same procedure used for the original complex, although their solubility and stability were somewhat variable. Nonetheless, all four subunits were recovered in each of the eight purifications, allowing each of the complexes to be analyzed by negative stain EM (Fig. 4a) . Approximately 6,000-10,000 particles of each complex were selected and classified into 200 classes. For seven of the eight samples, a single GFP tag, appearing as a globular density approximately 4 nm in diameter, was clearly visible in multiple class averages (Fig. 4a) . For each of these samples, the position of the GFP tag relative to the overall structure was consistent across all class averages resolving the GFP tag. This result strongly implies that, as suggested by the analysis of Coomassie-stained gels, the four subunits of the Cog1-4 complex are present in 1:1:1:1 stoichiometry ( Fig. 4a and Supplementary Fig. 4 ). We could not resolve the GFP tag in the sample containing C-terminally tagged Cog4. As an alternative approach, we coexpressed Cog1-3 with a C-terminally truncated Cog4 comprising residues 1-553 and labeled with GFP at its N terminus (Fig. 4a) .
The GFP labeling results allowed us to unequivocally localize each of the four Cog subunits and to generate a model of the organization A r t i c l e s of these proteins within the Cog1-4 complex (Fig. 4b) . In this model, the C terminus of Cog3 lies at the distal end of leg A. Based on the sample in which the C terminus of Cog4 was deleted, we conclude that Cog4 forms leg B, with its C terminus likely positioned at the outer end. The C terminus of Cog1 maps to the distal tip of the foot at the end of leg C, whereas the C terminus of Cog2 lies near the 'ankle' of leg C. The N termini of all four subunits, on the other hand, map to the proximal portion of leg C (Fig. 4b) . Their orientations demand that all four subunits overlap along this 10-nm segment of leg C. Moreover, because this leg segment is not noticeably thicker than other leg segments (Fig. 3d) , we reason that the 'overlap region' cannot simply represent the side-by-side association of four subunits with helical bundle folds (see Discussion below).
Cog1 connects the Cog1-4 and Cog5-8 networks
Cog5-8 do not appear to be required for normal growth under laboratory conditions, a property they share with a range of well-conserved components of the yeast secretory pathway. This is generally explained by the plasticity of recycling trafficking routes in yeast, and indeed, defects in these subunits are more obviously deleterious in other eukaryotes. For instance, a mutation in human Cog7 causes a lethal congenital disorder of glycosylation 30 . There is also good evidence that the C-terminal regions of human Cog1 and Cog8 interact, thereby connecting (or helping to connect) Cog1-4 to Cog5-8 (refs. 21,31,32). The severing of this connection, by means of short C-terminal truncations of either Cog1 or Cog8, is apparently responsible for two additional congenital disorders of glycosylation 31, 33 . To test whether an interaction between yeast Cog1 and Cog8 might, in a similar way, serve as a bridge between the essential and nonessential subunits, we incubated Cog8 with Cog1-4 carrying a marker GFP tag at the Cog4 N terminus. Cog8 bound tightly to the Cog1-4 complex, and the resulting Cog1-2-3-4-8 complex could be isolated by gel filtration (Supplementary Fig. 5 ). This complex was analyzed by EM as detailed above. The averages obtained from the classification of ~6,500 particles revealed that Cog8 indeed binds to the C terminus of Cog1 (Fig. 5a) . Consistent with this conclusion, close examination of Cog1-4 class averages in which Cog1 carries a C-terminal GFP tag suggests that, in the absence of Cog8, the C terminus of Cog1 is disordered (Fig. 5a) . A previous study of binary interactions within the yeast COG complex reported that Cog1 occupies a central position, interacting directly with all of the other COG subunits except for Cog7 (ref. 20 ). As we have demonstrated here, the N-terminal region of Cog1 mediates its interactions with Cog2, Cog3 and Cog4, whereas the C-terminal region of Cog1 interacts with Cog8. The structure of Cog8, as visualized by EM, seems to differ from that of the other subunits. Similar to one of the Dsl1 complex subunits (Tip20) 23 , Cog8 has a sharp hook, whereas the large globular distal region appears to be unprecedented among the tethering subunits of known structure. We have been unable to reconstitute larger complexes, containing Cog5 or Cog6 in addition to Cog1-Cog2-Cog3-Cog4-Cog8, so although these subunits may also interact with the C-terminal region of Cog1, we lack direct proof that they do.
DISCUSSION
The COG and exocyst complexes are among the most intensively studied MTCs, and partial structures of individual subunits demonstrate that they share homology on the tertiary structural level [22] [23] [24] [25] [26] [27] [28] . Relatively little progress has, however, been made in characterizing these complexes in their assembled states. Previous quickfreeze/deep-etch EM analyses of the COG and exocyst complexes revealed evidence for multiple structural domains 6, 34 . Brief glutaraldehyde fixation in these studies, however, drastically altered the structural features of both complexes, leaving open the question of which samples-the unfixed samples or the fixed samples-were more native-like in their properties. For COG, the fixed samples collapsed to form two globular lobes, leading to the prediction that one lobe contains the subunits essential in yeast (Cog1-4) , whereas the other lobe contains the remaining subunits (Cog5-8) 6 . Although this division into functional domains has stood the test of time, the model of COG as composed of globular lobes is at odds with the results reported here. Instead, the essential (and presumably the remaining) COG subunits form long, thin legs in a decidedly spindly structure. This long-legged structure seems well suited to a role in vesicle tethering at a distance. We note, however, that clathrin triskelia, which superficially resemble the Cog1-4 core complex, play an entirely different role in vesicle trafficking, serving as the protomers from which vesicle coats are assembled. Put differently, function does not necessarily follow form.
The four subunit N termini play a fundamental role in complex assembly by bundling together along the proximal portion of one leg (Fig. 5b) . Consistent with this finding, deletion of 97 N-terminal residues from Cog2 is lethal 24 . Although our EM data could not further define the molecular details of the intersubunit interactions in the region in which all four subunits interdigitate, one attractive possibility is that each N terminus contributes one (or more) α-helices to an 25 . The N-terminal subunit interaction region is also highlighted, together with the approximate inferred interaction sites for human syntaxin5 and Sly1 (refs. 16,37) . Finally, the NMR structure of yeast Cog2 (C-terminal residues 109-262) 24 is shown, indicating its approximate position within the core complex.
A r t i c l e s extended helix bundle along this length of leg C. The diameter of such a bundle, were it to contain four helices, would be roughly the width of the leg as observed by EM. Furthermore, as first noted by Whyte and Munro 1,8 , the N-terminal portions of COG subunits (and other CATCHR-family subunits) often contain regions predicted to form amphipathic α-helices; for yeast Cog2, the N-terminal region has been shown experimentally to adopt an ensemble of highly α-helical conformations 24 . We therefore suggest that, in the Cog1-4 complex, the α-helical propensity of each subunit is further reinforced by quaternary interactions with the other subunits to form a bundle of four (or more) helices. Notably, the core SNARE complex is a four-helix bundle of similar length 35 . In the SNARE case, however, all four helices are parallel, whereas in our speculative model, the Cog1 and Cog2 helices would be antiparallel to the Cog3 and Cog4 helices. Finally, we note that a more general involvement of N-terminal regions in forming the quaternary interactions that stabilize CATCHR-family tethering complexes would explain why almost none of the known structures of isolated subunits include this region. The distal ends of at least two of the three legs play important roles in COG complex function. The distal end of leg C, representing the C terminus of Cog1, is important because it serves as a bridge to the nonessential subunits, Cog5-8. The distal end of leg B is assigned to the C-terminal portion of Cog4 based primarily on images of the core complex containing a C-terminal Cog4 truncation in Cog4 (Fig. 3a) . Also consistent with this assignment is the observation that the distal end of leg B is roughly congruent with the crystal structure of a 27 kDa C-terminal fragment of human Cog4 (ref. 25) (Fig. 5b) . The crystal structure includes the site of an R729W missense mutation that contributes to a congenital disorder of glycosylation 36 and that results in severe glycosylation defects in HeLa cells without affecting the assembly or stability of the COG complex 25 . Moreover, yeast harboring a C-terminally truncated version of Cog4 are inviable 25 . These and other functional results 25 strongly suggest that the distal end of leg B contains a binding site for an as-yet-unidentified trafficking factor. In the future, it will be interesting to investigate whether the C terminus of Cog3, forming the distal tip of leg A, is likewise implicated in interactions with other components of the trafficking machinery. Finally, we note that human Cog2 is considerably larger than its yeast counterpart. On the basis of our model (Fig. 5b) , we propose that the human Cog1-4 complex may be H-shaped, with the fourth leg derived from Cog2. As the human Cog1 subunit is also larger, leg C may also be longer.
Other functionally important interaction sites map nearer the central junction of the Cog1-4 core complex. The N-terminal 150 residues of human Cog4 has been reported to harbor binding sites for the SNARE protein syntaxin 5 and the Sec1-Munc18 family protein Sly1 (ref. 16, 37) . In the yeast COG core complex, this region of Cog4 resides along the proximal portion of leg C where all four subunits intertwine (Fig. 5b) . Overall, we conclude that the Cog1-4 complex likely engages other components of the trafficking machinery (including Cog5-8) by using widely distributed sites located at the tips of at least two legs and within the central core.
The structural organization of the COG complex presented here invites comparison with that of the Dsl1 complex, whose structure was reported recently 22, 23 . At the tertiary structure level, there are considerable similarities between some COG and Dsl1 complex subunits [22] [23] [24] [25] . At the quaternary structure level, the interactions that stabilize each complex involve regions at or near the termini of the individual subunits. All four of the essential COG subunits interact by means of their N-terminal segments; likewise, two of the three Dsl1 complex subunits (Tip20 and Dsl1) interact via the antiparallel pairing of N-terminal helices 23 . A second similarity between the COG and Dsl1 complexes is that each of them contains a single subunit (Cog1 and Dsl1, respectively) that functions as a bridge by interacting at, or near, each end with different subunits. Finally, like the COG complex, the Dsl1 complex contains spatially distant sites important for interaction with other components of the trafficking machinery 22, 23 . Nonetheless, despite these similarities, the overall architecture of the Dsl1 complex and the COG core complex are quite different. Further study will be needed to determine the extent to which these complexes, as well as the exocyst and GARP complexes, operate according to common mechanistic principles.
In conclusion, our results establish that four of the eight COG subunits, Cog 1-4, form a stable core complex sufficient to support wild-type growth and reasonably efficient retrograde trafficking in yeast. The four N termini interact near the center of the complex, whereas three of the four C termini form the distal ends of elongated legs. The end of one leg (leg C) forms a bridge to the nonessential subunits, whereas that of a second leg (leg B) is essential for function in yeast and humans. For human COG, at least, an additional locus of functionally important interactions is defined by the N-terminal portion of Cog4, which is predicted to lie along the proximal portion of leg C. Our hypothesis that this region of leg C is a four-helix bundle is consistent with the finding that the COG-interacting portion of syntaxin 5 is its SNARE motif 16 , which might displace one of the COG helices or, alternatively, might pack into one of the four surface grooves. Human Sly1 binds to an adjacent region of Cog4; mutations that abolish this interaction compromise retrograde trafficking and the assembly or stability of the relevant SNARE complex 37 . Taken together, the results reported here represent an important step toward the development of a mechanistic framework for COG function.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/nsmb/. 40) . Patch matings were conducted on YPD plates, and diploids were selected on solid synthetic complete dropout media or supplemented synthetic dextrose minimal media. Isolated diploids were grown in large patches at 30 °C overnight on solid GNA medium, replicated for overnight growth on fresh GNA medium, then replicated to solid MinSpore medium for sporulation at ambient temperature for 24 h, followed by 48 h at 30 °C. Tetrads were dissected to isolate double mutant haploids. The resulting strains were then mated, sporulated, and dissected to isolate the haploid quadruple deletion, named JAL017H. The absence of all four COG genes in JAL017H was verified by Southern blotting (Supplementary Fig. 1 ), as well as by PCR using primers internal to the deleted ORFs (data not shown).
For growth curves, haploid cells were grown in 5 ml of liquid YPD medium overnight at 30 °C. These cultures were diluted into 5-ml aliquots of YPD at an initial A 600 of 0.05. The diluted cultures were incubated with shaking at 23 °C, 30 °C and 37 °C, respectively. Absorbance was monitored at intervals during subsequent growth. To test for Kar2 secretion, patches of the indicated strains were streaked on solid GNA medium and grown at the indicated temperatures for 2-3 d. Plates were then overlaid with nitrocellulose membrane and incubated at the growth temperature for 30 min. Membranes were lifted from the plates, washed to remove any adhering cells and immunoblotted using a rabbit polyclonal antiKar2 primary antibody 41 at 1:5,000 dilution, followed by horseradish peroxidaseconjugated goat anti-rabbit IgG secondary antibody (Invitrogen) at 1:3,000 dilution. Detection was done with Lumi-Light Western Blotting Substrate (Roche).
Plasmid construction. The eGFP ORF was cloned into pQLinkN using a PCR product amplified with the following primers to form plasmid pQLinkGN: NT_eGFP_5′_BclI, 5′-GAGCATTGATCAGTGAGC AAGGGCGAGG-3′; NT_eGFP_3′_NdeI_BclI, 5′-ACGTCATGATCACATATGCTTGTACAGCTC GTCCATG-3′. The same ORF was cloned into pQLinkN using a PCR product amplified with the following primers to form plasmid pQLinkGC: CT_eGFP_5′_ NotI, GAGCATGCGGCCGCAGTG AGCAAGGGCGAGG; CT_eGFP_3′_EagI, 5′-ACGTCACGGCCGCTACTTGTACAGCTCGTCC ATG-3′. PCR products encoding S. cerevisiae COG subunits were individually cloned into the pQLinkH, pQLinkN, pQLinkGN and pQLinkGC vectors using BamHI and NotI sites or NdeI and NotI sites. Multisubunit plasmids were constructed combinatorially from these base clones according to the method of Scheich et al. 29 .
Protein purification. Multisubunit constructs were transformed for expression into C43(DE3) cells (Lucigen). Liquid starter cultures were diluted 100-fold into 6 or 12 liter of LB with 100 μg ml −1 ampicillin and grown with shaking at 37 °C. Protein expression was induced at an OD 600 of 0.4-0.6 by the addition of 0.5 mM IPTG to the cultures and growth at ambient temperature for 14-18 h. Cells were harvested by centrifugation, resuspended in lysis buffer (20 mM Tris pH 8.0, 20 mM imidazole, 150 mM NaCl, 1 mM DTT, 0.5% (v/v) protease inhibitor cocktail (Sigma cat. no. P8340)) and lysed using an Emulsiflex-C5 cell disruptor
